Confluent AKR-2B fibroblasts rapidly disintegrate after serum deprivation.
Introduction
Selective cell death plays an important role in determining population size in specific groups of cells. The survival of many types of cells is critically dependent on the presence of specific growth factors or yet undefined serum components. In contrast to necrosis, which is a consequence of the plasma membrane disruption due to chemical or physical insult, that kind of cell death, termed apoptosis, is an active process of the target cell. Apoptosis appears in many facets, but certain morphological and biochemical changes are recurrent. For most of the investigated cells, the early events of cell death are characterized by a condensation of chromatin followed by a fragmentation of the DNA yielding a`DNA ladder' (for review see 1 ± 11 ). The collapsed nucleus frequently breaks up into spheres forming apoptotic bodies'. Finally these particles are engulfed either by macrophages or by neighbouring cells.
The emerging view of apoptosis is that diverse regulatory pathways activate a common execution machinery which carries out cell disassembly. Although this execution machinery is poorly understood, it appears that an essential component is the caspases family, cysteine proteases which are activated by proteolytic cleavage from precursor proteins. Caspases cleave their substrates after an aspartate residue, a very unusual substrate specificity for eukaryotic proteases. This family of enzymes consisting of caspase-1 (ICE), caspase-2 (ICH-1), caspase-3 (CPP32/ Yama/apopain), caspase-4 (ICE-relII/TX/ICH-2), caspase-5 (ICErel-III/TY), caspase-6 (Mch2), caspase-7 (Mch3/ICE-LAP3/CMH-1), caspase-8 (FLICE/MACH/Mch5), caspase-9 (ICE-LAP/Mch6), caspase-10 (Mch4), caspase-11 and caspase-12 has been suggested to play a central part in the apoptotic process. 12 ± 14 On the other hand, the disruption of the mitochondrial inner transmembrane potential (DC m ) marks a point of no return for the apoptotic cascade. Two mitochondrial proapoptotic factors have been purified: the 15 kD cytochrom c protein which acts together with cytosolic factors, 15 ± 17 and a 50 kD protease that by itself suffices to cause nuclear apoptosis.
Another family of proteins whose function in regulating apoptosis is phylogenetically conserved, is the Bcl-2 protein family. 19 Some members of this family, e.g. human Bcl-2, Bcl-X L , Ced-9 and the adenovirus E1B 19 kD protein are able to inhibit apoptosis. Other members, such as Bax, Bad, Bcl-X S and Bak have the opposing effect of promoting cell death. Most recently the interaction of some members of this family with signal transduction components related to proliferation control has been identified shedding some light on the mechanism by which growth factors and associated signalling pathways may prevent apoptosis. 11, 20, 21 Density arrested fibroblasts like Balbc/3T3 or AKR-2B cells die after serum deprivation. Depending on the cell line, death after serum removal is either immediately initiated (Balbc/3T3) 22 ± 25 or starts after a delay of 90 min (AKR-2B). 26, 27 Dying of the cells ceases after 5 ± 6 h with a survival of 10 ± 20% (Balbc/3T3) or 50% (AKR-2B). Morphological changes are quite similar for both cell lines including membrane blebbing and chromatin condensation. These are typical characteristics for apoptosis, but remarkably there is no DNA fragmentation. Furthermore both cell types die by membrane disrupture. This unusual behaviour has been recently characterized in detail for AKR-2B cells. 27 Adenosine has been recognized as cell protecting agent, especially for cellular protection after heart attack followed by ischaemic conditions. 28 ± 30 It has been shown that ATP has some mitogenic effect on 3T3 mouse fibroblasts that is not due to breakdown products like adenosine. In some cases it acts synergistically with other growth factors. 31 ± 34 As recently shown, ATP might also induce cell death by activation of P2X-receptors (for review see 35 ). We show here that ATP as well as adenosine suppressed cell death with high efficiency in AKR-2B fibroblasts after serum deprivation. By different criteria we excluded the possibility that the effect of ATP was due to a degradation into adenosine. In order to define some intracellular pathways possibly involved in cell protection, a limited number of metabolites or protein kinases was analyzed. Clearly, ATP produced a strong rise in [Ca 2+ ] i , lead to the activation of MAP-kinase, RSK, and p70 S6 -kinase and a decrease in the cAMP content. On the contrary adenosine led to a strong rise in intracellular cAMP and had no effect on [Ca 2+ ] i , MAP-kinase-, RSK-or p70 S6 -kinase-activation. However, the signalling pathways stimulated by both ATP or adenosine must converge at the caspases, the activation of which is prevented, thereby suppressing cell death.
Results
Cell protection by ATP and adenosine AKR-2B cells rapidly disintegrate after serum removal. After a delay of about 90 min the number of viable cells rapidly declines and reaches a plateau after 6 ± 12 h of about 40 ± 50% of the initial cell number (cf. Figure 2 ). As previously shown protective reagents might be assigned to two classes: (a) those requiring protein synthesis for long term protection; typical effectors belonging to this class are PDGF-BB and TPA, (b) substances not requiring protein biosynthesis for protection, e.g reagents stimulating the increase in intracellular cAMP-content (e.g. forskolin or 8-Br-cAMP). 22 ± 25,36 In Figure 1 the protective effects of ATP and adenosine after serum deprivation were determined after 6 h (short term) and 24 h (long term). Both reagents were able to protect cells from death over a long time periode although the protective effect was somewhat lower (77%) after 24 h than that after 6 h Figure 1 Protective effect of adenosine and ATP on AKR-2B cells after serum deprivation. AKR-2B cells were grown in 24 well plates in McCoy 5A medium containing 5% Hyclone calf serum to confluency. Immediately after medium change to serum free MCDB 402 medium, the indicated compounds were added. Number of viable cells was determined after 6 or 24 h, respectively. Data were fitted using the four parameters logistic curve fitting of the program`origin'. Individual points are means of triplicates. ATP ± &; ATP-[gS] ± &; adenosine ± *; 2-methylthio-ATP ±Ã (85%). The ED 50 values for ATP were 14 mM (6 h) and 28 mM (24 h), respectively, and for adenosine 110 mM (6 h) and 130 mM (24 h), respectively, indicating that for both times similar effective doses are required.
In order to describe the specificity of ATP-effect, a series of nucleotide triphosphates was examinated in the concentration range up to 1 mM. Among these compounds only ATP-[gS] (ED 50 =8.4mM) could substitute ATP. 2-methylthio-ATP (ED 50 =135 mM) did not lead to a similar maximal protection compared to ATP (Figure 1) . ADP had only a slight effect: protection after 6 h was about 10% over control and was even lower after 24 h. AMP was inactive. The adenine base could not be replaced by other common bases, e.g. guanosine, uridine and cytidine (GTP, UTP and CTP). Further derivatives containing a non hydrolysable b,g linkage (b,g-NH-ATP and b,g-CH 2 -ATP) were uneffective. Likewise a-b-CH 2 -ATP was also inactive. Furthermore benzoylbenzoyl-ATP and oxidized ATP had no protective effect. Three commonly used antagonist for purinergic receptors (P2-receptors) were tested in the concentration range up to 1 mM in the presence of 100 mM ATP: (1) oxidized ATP 37 was not an inhibitor of ATP, (2) suramin reduced cell number by itself even in the presence of serum (ED 50 =150 mM ) and (3) PPADS did not alter the cell number either in the absence or presence of serum nor in the presence of 100 mM ATP. These results suggest a specific interaction with a cellular receptor (ED 50 =14 mM) that is selective for an adenine base and most likely requires hydrolysis of b,g-linkage in ATP. Although these data do not allow a pharmacological identification of a selective purinergic receptor among the numerous described isoforms, the low ED 50 value of 14 mM for ATP suggests the involvement of a membrane bound receptor, since the ATP concentration in AKR-2B cells is 6 mM. Moreover, one can exclude the possibility that adenosine as a breakdown product of ATP mediates the response since the ED 50 -value for adenosine is ten times higher (ED 50 =110 mM).
In order to understand the role of adenosine, two xanthine antogonists were tested in the concentration range up to 300 mM in the presence of 500 mM adenosine. DPMX as well as 8-phenyltheophyllin did not show any inhibitory effects. Unlike for ATP it remains to be identified for adenosine whether the binding to a membrane bound receptor is responsible for the protective effect.
We have furthermore investigated whether the protective effect of ATP or adenosine relies on protein synthesis. Figure 2 shows the time dependency of cell death in the presence or absence of cycloheximide (CHx). In the absence of CHx both ATP and adenosine are potent cell survival factors. In the presence of CHx after 6 h the level of cells was close to control values. After 24 h almost all cells were dead, and their number was far below control. Clearly for both ATP and adenosine protein synthesis is needed. CHx itself leads to slow decay in cell number even in the presence of serum. About 10 ± 15% of cells are lost after 6 h in the presence of 5 or 50 mM CHx, 10% are lost after 24 h using 5 mM and 40% are lost after 24 h incubation time applying 50 mM CHx (data not shown). In the absence of serum CHx leads to rapid and complete cell death Figure 2 . 36 Thus, protein synthesis is required for the maintainance of cells in presence of serum as well as for those cells that survived serum deprivation.
Modulation of growth response to PDGF-isoforms
Neither ATP nor adenosine promote cell division as shown in Figure 3B . Adenosine blocks completely PDGF-BB induced cell division. ATP had no effect ( Figure 3A ). These results suggest that ATP and adenosine act via different intracellular pathways and again exclude the possibility that the ATP effects are due to the degradation product adenosine.
ATP and adenosine stimulate distinct intracellular pathways
The above results suggested the involvement of different intracellular pathways induced by either ATP or adenosine. Two common intracellular messengers were analyzed: cAMP and [Ca 2+ ] i . Figure 4 shows that after serum deprivation both adenosine and forskolin as positive control condition substantially raised the intracellular content of cAMP from 0.42 to 1.5 mM. The effect was maximal after 2 ± 5 min and gradually declined during 60 min. Upon serum removal as a control the cAMP level dropped by 50%. An even stronger drop was observed when ATP was added: cAMP values decreased to almost zero. Thus, adenosine strongly stimulated the cAMP production whereas on the contrary ATP caused a decrease in cAMP content.
The opposite situation was seen with [Ca 2+ ] i ( Figure 5 ). ATP evoked a tremendous increase from 0.05 up to 0.8 mM intracellular Ca 2+ after a very short time of 15 s. The signal Figure 2 Requirement of protein synthesis for cell protection by ATP or adenosine. Cells were prepared as above. PDGF-BB, ATP or adenosine in the absence or presence of 5 mg/ml cycloheximide (CHx ) were added immediately after serum deprivation. Viable cells were counted after the indicated time. Control ± &; +5 mg/ml CHx ± &; +100 mM ATP ±~; +100 mM ATP+5 mg/ml CHx ±~; +1 mM adenosine ± *; +1 mM adenosine+5 mg/ml CHx ± * was short and decayed to baseline after 100 s ( Figure 5A ). In the absence of extracellular Ca 2+ the signal is considerably shortened, indicating the uptake of external Ca 2+ from the medium ( Figure 5B ). The ED 50 values from both experiments were identical (7 mM) suggesting that a common receptor was activated ( Figure 5A insert) . Furthermore the obtained ED 50 corroborates well with that of 14 mM for cell protection. Adenosine virtually had no effect. For comparison the effect of PDGF-BB was rather slow and weak, since a maximum of 300 ± 400 nM [Ca 2+ ] i was found after 1 min. 38 In summary, the results show again that ATP and adenosine act via different intracellular pathways.
To investigate the role of [Ca 2+ ] i in the signalling pathway involved in the protection by ATP, [Ca 2+ ] i was complexed with the ligand MAPTAM. As shown in Figure  5C there was no increase in [Ca 2+ ] i after treatment with the 20 mM MAPTAM. In Figure 6 the effect of this treatment on the protection by various reagents after serum removal is shown. First, complexation of [Ca 2+ ] i had no effect on cells kept in McCoy medium containing serum, excluding the possibility that MAPTAM treatment alone caused cell death. On the other hand MAPTAM treatment did not prevent cell death induced by serum deprivation. Thus in both control experiments, complexation of [Ca 2+ ] i had no effect. MAPTAM treatment did not reduce the protective effects of either PDGF-BB, forskolin or adenosine. This result was expected for adenosine and forskolin which did not lead to an increase in [Ca 2+ ] i as shown above. But surprisingly the protection by PDGF-BB was maintained although this compound provoked a significant increase in [Ca 2+ ] i as described earlier. 26, 38 Interestingly the protection by ATP was significantly reduced indicating a participation of [Ca 2+ ] i in the protective signalling pathway by ATP ( Figure 6 ).
There are two types of ATP receptors termed P2X or P2Y. P2X receptors are plasma membrane ligand gated ion channels activated by ATP, whereas P2Y receptors act via G-proteins (for review see 35, 39 ). Upon activation of P2X 7 receptors, channels are opened which are permeable to a variety of ions, including ethidiumbromid. 40, 41 We have therefore incubated AKR-2B cells with 2 mg/ml ethidiumbromide after stimulation with ATP. Over an observation Figure 4 Effects of ATP or adenosine on the intracellular concentrations of cAMP. Cells were grown as described in Figure 1 , and the indicated amounts of effectors were added immediately after serum deprivation. After the indicated time cells were lysed and the cAMP content was determined as described by the supplier. Cell volumes were determined by the CASY-1 system of Scha È rfe using the Coulter Counter principe. Finally, cAMP values were transformed in concentrations per cell. Thus, resting cells had a basal concentration of 0.4 mM cAMP. Control (serum deprivation) ± &; +1 mM adenosine ±~; +5 mM forskolin ± *; +100 mM ATP ± * time of 90 min there was no uptake of this dye (data not shown). Apparently this receptor isoform is not involved in the protection from cell death in AKR-2B cells by ATP. To demonstrate a role of G-proteins, cells were treated with pertussis toxin (PTX) an inactivator of G i -proteins. As shown in Figure 7 PTX had no effect in control Figure 5 Effects of ATP or adenosine on the intracellular concentrations of [Ca 2+ ] i (A) Cells were grown on glass cover slides and were loaded with fura-2AM. After mounting in the spectrofluorimeter, adenosine (500 mM) was added as indicated by the arrow. After a period of 400 s the same sample received ATP (100 mM) and the recording was continued. Fluorescence intensity ratios were transformed into [ experiments, i.e. it neither induced nor inhibited cell death on its own. But the protective effect of ATP was significantly reduced after preincubation with PTX.
The high increase in [Ca 2+ ] i led to the hypothesis that PKC-isoforms (for review on PKC-isoforms see 42 ± 44 ) might be involved in the later signal transduction, since we have Figure 6 Effect of MAPTAM preincubation on the protective effect of various reagents. Cells were grown in 24 well plates in McCoy 5A medium containing 5% Hyclone calf serum to confluency. They were incubated for 15 min with 20 mM MAPTAM. Afterwards the medium was replaced by serum free MCDB 402 medium with the respective additives. Cells were counted after the indicated times. McCoy medium containing serum+MAPTAM ± *; serum free MCDB 402 medium: control ± &; +MAPTAM ± &; +50ng/ml PDGF-BB+MAPTAM ± *; +100 mM ATP ± !; +100 mM ATP+MAPTAM ± !; +5 mM forskolin+MAPTAM ±~; +500 mM adenosine+MAPTAM ±~F igure 7 Effect of pertussis toxin pretreatment on the protective effect of ATP AKR-2B cells were grown in McCoy 5A medium containing 5% Hyclone calf serum. If indicated 3 h before serum removal and replacement with MCDB 402 medium, cells were treated with 100 ng/ml pertussis toxin (PTX). If indicated immediately after serum removal 100 mM ATP was added. Cells kept in McCoy medium containing serum-,; cells kept in McCoy medium containing serum+PTX ± &; cells after serum removal ±~; cells after serum removal+PTX ±~; cells after serum removal+100 mM ATP ± *; cells after serum removal+100 mM ATP+PTX ± * Figure 8 Effects of TPA or ATP on PKC-isoforms. Left: expression of various PKC-isoforms and downregulation after chronic TPA-treatment. Ten mg protein of an SDS-lysate was analyzed per lane. Blots were processed for chemiluminescence detection as decribed in Materials and Methods. For the downregulation of selective PKC-isoforms, cells were incubated overnight in McCoy medium containing serum with 1 mM TPA. Right: cells were prepared as described in Figure 1 and then treated either with 100 mM ATP or with 100 nM TPA. After mechanical disruption a cytosolic extract was prepared by ultracentrifugation. The pellet was extracted with buffer containing 2% Triton X-100. Aliquots of 10 mg protein were subjected to SDS-gel-electrophoresis. After blotting onto nitrocellulose the blots were probed with antibodies against the isoforms a, g, and E
shown previously that TPA led to a high protection against cell death. 36 The expression of PKC-isoforms in AKR-2B cells is shown in Figure 8 . In comparison with control experiments using extracts from rat brain or Jurkat cells it was verified that AKR-2B cells did not express the isoforms b, d, and Y. As shown in Figure 8 after chronical treatment with 1 mM TPA overnight, there were only residual amount of PKC-g, PKC-a completely disappeared, and there was some reduction of PKC-e. Furthermore it was investigated whether TPA or ATP treatment, respectively, led to a changement in the subcellular distribution of certain isoforms. In Figure 8 only those results are presented that demonstrate an altered subcellular distribution. Clearly TPA induced a drastic translocation of PKCa, g and e from the cytosol to the particulate matter from the cytosol. On the other hand, ATP was completely inactive.
In Figure 9 the effect of the downregulation of the PKCisoforms on the protection by PDGF-BB, TPA or ATP, respectively, was studied. After chronical treatment with 1 mM TPA more cells were resistant towards serum removal (70% surviving cells ). As expected, the readdition of TPA (100 nM) did not lead to a further protection. On the other hand PDGF-BB was completely protective, even after 24 h, and the ATP protection profil was also almost unmodified (Figures 2 and 9) . In summary these results do not indicate an involvement of PKC-isoforms in the mechanism of cell protection by ATP and PDGF-BB, respectively.
To further gain some knowledge in subsequent activation of target protein kinase, the effect of the ATP or adenosine on three`mitogen activated protein kinases' (MAP-kinase, p70 S6 -kinase and RSK) were investigated. All three kinases are activated by phosphorylation. The extent of phosphorylation can be analyzed by a bandshift, since phosphorylated forms migrate somewhat slower. For all three kinases the correlation between activation and the appearance of a slow mobility form has been well documented. 45 ± 48 As shown in Figure 10 , adenosine did not significantly activated any of the investigated kinases. In contrast, ATP activated all three kinases, though the duration of the activation for the MAP-kinase was significantly shorter than that evoked by PDGF-BB. 38, 39 We have recently shown that the activation of a CPP32 like caspase (caspase 3) is a hallmark in the mechanism of cell death in AKR-2B cells. The activation of this enzyme was inhibited by all applied cell protecting reagents, including PDGF-BB, TPA or forskolin. 36 In Figure 11 it is shown that also ATP or adenosine led to a complete suppression of DEVDase (caspase 3) and VEIDase (caspase 6) activation in AKR-2B cells. Thus these experiments establish the eminent role of this type of caspases and further demonstrate that the diverse signals generated by either ATP or adenosine must converge at this point. Figure 9 Effect of the downregulation of PKC isoforms on the protective effects of PDGF-BB, ATP or TPA. AKR-2 cells were first grown in McCoy medium containing 5% Hyclone calf serum to confluency and then treated in this medium with 1 mM TPA over night. For stimulation this medium was removed and replaced by serum free MCDB 402 medium. Immediately after serum removal 50 ng/ml PDGF-BB ±~, 100 mM ATP ± & or 100 nM TPA ± ! were added. Control cells in MCDB pretreated with 1 mM TPA ± *; control cells in MCDB without preincubation ± & Figure 10 Effect of adenosine or ATP on various mitogen activated protein kinases. Cells were grown to confluency and were kept for 2 days in MCDB 402 without serum. The factors were then added for the indicated time (adenosine 500 mM; ATP 100 mM ). Cells were lysed in SDS-containing buffer and prepared for gelelectrophoresis as described in Materials and Methods. After transfer to nitrocellulose the protein kinases were detected by specific antibodies followed by chemiluminescence as described
Discussion
Although adenosine has been recognized as a cell protecting reagent. 28 ± 30 Indeed, in AKR-2B cells there was a strong increase of cAMP 2 min after the addition of adenosine, comparable to that evoked by forskolin. But unlike for forskolin or 8Br-cAMP, cell death occurred in the presence of the protein synthesis inhibitor cycloheximide. 36 Thus, protection by forskolin and 8Br-cAMP is independent from protein synthesis in contrast to adenosine. The reason for this discrepancy is not clear but possibly adenosine affects also other pathways so far unidentified which leads to requirement of protein synthesis.
Evidence accumulated over almost 20 years has shown that many different cell types are killed by sustained exposure to high concentrations of extracellular ATP. The plasma membrane receptors involved have been pharmacologically characterized and cloned during the last 3 years, and named purinergic P2X. P2X receptors share an intriguing structural relatedness with Caenorhabditis elegans degenerins and mammalian amiloride-sensitive Na + channels. Depending on the ATP dose, length of stimulation and receptor subtype, P2X receptor stimulation may cause necrosis or apoptosis. P2X receptors are plasma membrane ligand-gated ion channels activated by ATP. 50, 51 They belong to the growing family of receptors for extracellular nucleotides named P2 purinergic receptors whose other members are the P2Y receptors, 39, 52, 53 while plasma membrane receptors that bind adenosine are referred to as purinergic P1. According to current classification of plasma membrane receptors for neurotransmitters, P2X and P2Y receptors are also often referred to as ionotropic and metabotropic, respectively. 50 The intracellular pathways activated are poorly known, but the perturbation in intracellular ion homeostasis clearly plays a major role. ICE proteases (caspases) are also triggered, nonetheless their activation is not requested for ATPdependent cell death. The physiological meaning of P2X receptor-dependent cytotoxicity is not understood, but an involvement in immune-mediated reactions is postulated (for review see 35 ). In contrast to the above observations we describe here for the first time a protective effect of ATP on AKR-2B cells. These cells rapidly disintegrated after serum removal. After a delay of about 90 min death occurs exponentially with a half time of 3.5 h reaching a plateau of 40 ± 50% of the initial cell number after 6 ± 8 h. 26, 27 A detailed characterization of morphological changes and biochemical events reveal several features in common with programmed cell death-apoptosis. These include nuclear condensation, membrane blebbing and the involvement of ICE-like proteases in the onset of cell death. But unlike to many other cell systems these events were paralleled by membrane disruption as detected by electric permeability. Likewise there was no engulfment and ingestion by neighbouring cells. 27 The results from two different experiments show that P2X-receptors do not seem to be involved in the signalling pathway stimulated by ATP: firstly, there was no opening of pores permitting the uptake of ethidiumbromide, which is common to many ATP-dependent ionic channels, secondly the selective inhibitor oxidized ATP was without effect.
The P2Y family encompasses selective purinoreceptors (for review see 39 ) (the P2Y 1 receptors activated preferentially by ADP and ATP), nucleotide receptors responsive to both adenine and uracil nucleotides (the P2Y 2 receptors activated equipotently by ATP and UTP, and the P2Y 8 receptors activated equally by all triphosphate nucleotides), and pyrimidinoreceptors (the P2Y 3 and P2Y 6 receptors activated preferentially by UDP and the P2Y 4 receptors activated preferentially by UTP). All these P2Y subtypes are coupled exclusively to the phosphoinositide pathway. P2Y 5 receptors exhibit an unusual strict requirement for ATP. Likewise a recently cloned receptor P2Y 11 which couples to both phospholipase C and adenylyl cyclase accepts only ATP and 2-methylthio-ATP as ligand. By using a series of nucleotide analogues we have demonstrated a similar high selectivity for ATP. Only ATP-[g-S] could substitute for ATP, while 2-methylthio-ATP was only partially active. All other tested compounds including a-bmethylene-ATP were without effect. Thus the participation of the receptors P2Y 1 ± 4,6,8 can largely be excluded. In contrast to the P2Y 11 receptor which couples to the adenylyl cyclase, ATP added to AKR-2B cells led to a strong drop in the cAMP-content. It therefore remains to be determined whether or which of the known receptors is involved in the ATP-dependent protection. The ATPinduced drop in the cAMP content could be cause by the activation of Ca 2+ dependent cAMP-phosphodiesterases or by an inhibitory G-protein (G i ). Indeed we found that pretreatment of the cells with pertussis toxin partially reversed the protective effect by ATP, suggesting an Figure 11 ATP or adenosine interfere with the activation of caspases. Cells were cultivated as described. If indicated immediately after serum removal either 100 mM ATP or 1 mM adenosine was added. After 3 h cells were mechanically disrupted and a cytosolic extract was prepared by ultracentrifugation. DEVDase-or VEIDase activities were measured spectrophotometrically in an Elisa reader by the release of p-nitroaniline from the respective peptides DEVD-pNA or VEID-pNA. Values were normalized to 100% in the absence of adenosine or ATP involvement of G i -proteins in the signaling pathway leading to protection by this nucleotide.
A second important signal generated is [Ca 2+ ] i . After intracellular complexation with MAPTAM the protective effect of ATP was blunted, but interestingly not that by PDGF-BB. As expected there was no effect on the protection evoked by adenosine which acts via cAMP and does not lead to a rise in [Ca 2+ ] i . ATP stimulates MAP-kinase, p70 S6 -kinase and RSK. However, as described previously activation of these pathway does not correlate with the protection of AKR-2B cells. 36 On the other hand members of the protein kinase C family play a role in the prevention of cell death. 36 We therefore investigated whether ATP led to an activation of PKC family members. Based on the translocation assay there was no evidence for an activation of any PKC isoforms by the addition of exogeneous ATP. Furthermore after downregulation of the isoforms a and g, the protective effect still persisted. Although we have demonstrated the activation of several pathways, the nature of the protective effect remains obscure. But two components seem to be involved: G i -proteins and [Ca 2+ ] i . Remarkably these two compounds enlarge the list of intracellular messengers and pathways which interfere with death in AKR-2B cells. As previously described PDGF-BB, forskolin, 8-Br-cAMP, TPA, okadaic acid as well as colchicine counteracted the induction of cell death induced by serum deprivation and all these compounds abolished the activation of a CPP32-like protease (caspase-3). 36 We show here that ATP as well as adenosine suppressed the activation of DEVDase-(caspase-3 substrate) and VEIDase-(caspase-6 substrate) activities. Thus all these reagents converge at the activation of caspases by a plethora of different and independent pathways, including the rise of cAMP, [Ca 2+ ] i , the activation of G i proteins, inhibition of phosphatases and also the involvement of the cytoskeleton.
In summary, this article describes the protection against apoptosis afforded by two common compounds ATP and adenosine, which obviously regulate different pathways, disclosing a novel function for ATP.
Materials and Methods
PDGF was prepared as described. 54, 55 Nucleotides were purchased from Sigma (Deisenhofen, Germany). Cell culture reagents were purchased from Gibco (Eggenstein, Germany). Antibodies against p70 S6 -kinase, RSK were from Biomol (Hamburg, Germany). Antibodies against MAP-kinase were from Santa Cruz (Heidelberg, Germany). The cAMP-kit was from Amersham (Braunschweig, Germany). Antibodies against PKC isoforms were from Transduction Laboratories (Dianova, Hamburg, Germany), ATP-derivatives, pertussis toxin, PPADS and suramin were from Sigma. 2-methylthio-ATP and DPMX were from ICN (Eschwege, Germany). Secondary antibodies were from Dianova (Hamburg, Germany). DEVDpNA and VEIDpNA were from Bachem (Heidelberg, Germany). MAPTAM was from Calbiochem (Bad Soden, Germany).
Cell number of synchronized con¯uent cells
Stock cultures of AKR-2B mouse fibroblasts were propagated in antibiotic-free McCoy-5A medium with 5% Hyclone calf serum for less than 3 months to minimise fluctuations. During that time responses to PDGF did not change. Cells were prepared for the stimulation with various reagents using the protocol originally described by Shipley et al. 56 Briefly, experimental cultures were seeded at a density of 5610 3 cells/cm 2 into 24 well plastic dishes (Falcon) and grown for 5 days in McCoy-5A medium containing 5% calf serum (Hyclone) without a medium change. For the measurement of cell survival, cells were washed twice with MCDB-402 medium without serum. Immediately after, the respective tested compound was added. The number of viable cells was determined by using the CASY-1 system (Schrfe, Reutlingen, Germany) based on the Coulter Counter principle. For the determination of mitogenic activity cells were starved in MCDB-402 medium for 2 days (cells were arrested and synchronized), then fresh MCDB-402 medium with indicated factors was added. Cell number was determined as above using the CASY-1 system.
Determination of cAMP
For determination of the cAMP content, cells were grown in 6 well plates. For termination of the reaction, cells were washed briefly with MCDB medium and subsequently lysed in 60% methanol. After filtration through reversed phase chromatography material Nucleosil C18, 7 mm (Macherey and Nagel, Du È ren, Germany) the filtrate was dried and the residue was taken up in 40 ml water. The cAMP content in this extract was then determined with the Amersham kit (Braunschweig, Germany). Cell number and volume were determined with the CASY-1 sytem, thus allowing the calculation of the intracellular cAMP content.
Measurement of [Ca 2+ ] i
The cells were cultured on round glass microscope slides (12 mm diameter) under normal tissue culture conditions. Confluent cells were incubated with 2 mM fura-2-pentaacetoxymethyl ester (fura-2AM) at 378C for 20 min in HEPES-buffer (20 mM HEPES, 16 mM glucose, 130 mM NaCl, 1 mM MgSO 4 .7 H 2 O, 0.5 mM CaCl 2 , pH 7.4) supplemented with 1% bovine serum albumin (BSA) (w/v). Just prior to measurements, the cell monolayers were rinsed with HEPES buffer containing 1 mM CaCl 2 , the glass slide was positioned diagonally in the cuvette and measurements were performed in 2 ml HEPES buffer containing 1 mM CaCl 2 . The Ca 2+ -fura-2-fluorescence was measured at 378C in a LS50 Perkin Elmer spectrofluorometer (U È berlingen, Germany ) at excitation wavelengths of 340 and 380 nm and an emission wavelength of 505 nm. Fluorescence was corrected for cellular autofluorescence and was calibrated. 38, 57, 58 Gel electrophoresis and immunostaining SDS-polyacrylamide gel electrophoresis was performed essentially as described 59 using 8% acrylamide gels for RSK, PKC-isoforms and p70 S6 -kinase, 12% for MAP-kinase (30/0.3 (w/w) acrylamide/ bisacrylamide). Mini gels of 0.75 mm thickness were used (BioRad Mini Protean). Cells were grown in 24 well plates (1.75 cm 2 surface/ well) and were lysed in 50 ml buffer containing 50 mM Tris-Cl, pH 6.7, 2% SDS, 2% mercaptoethanol and 0.1 mM sodium orthovanadate. After 5 min vigorous shaking 10 ml benzonase solution were added (low concentration (Merck) to a final concentration of 1%) and shaking was continued for another 5 min. The entire solution was transfered to a micro test tube and 6 ml of a bromphenol blue solution in 50% glycerol was added. Five microlitres were taken for electrophoresis. Proteins were transfered onto reinforced nitrocellulose by semi-dry blotting using 50 mM CAPS, pH 10.0, 1 mM 3-mercaptopropionic acid, 0.1% SDS and 10% methanol as blotting buffer for 1 h at 6 V. The nitrocellulose sheet was washed once with 50 mM Tris-Cl, pH 7.5, 150 mM NaCl (TS buffer). Saturation was performed for 1 h with 2% bovine serum albumin (BSA), 0.2% Triton X-100 in TS plus 0.03% NaN 3 (TSBT). The sheets were incubated for 1 h with the antibodies against MAP-kinases (0.2 mg/ml), RSK, p70S6-kinase or PKCisoforms (1 mg/ml) with the exception of PKC-g (0.1 mg/ml ) in TSBT. After washing six times with TS containing 0.5% BSA, 0.2% Triton X-100 without NaN 3 (washing buffer) the sheets were incubated for 1 h with goat-antirabbit or sheep-antimouse IgG antibodies labelled with horse radish peroxydase at a dilution of 1/10000 in TSBT without NaN 3 . The antibody was removed by washing six times with washing buffer, and the sheets were prepared for luminescence reaction as described. 26 
Determination of caspase activity
All steps were performed at 48C. Cells grown on 10 cm culture dishes were rinsed in 10 ml PBS and scraped in 200 ml extraction buffer (50 mM HEPES-NaOH, pH 7.0, 50 mM KCl, 5 mM EGTA, 2 mM MgCl 2 , 1 mM PMSF). They were disrupted with a mini ultra turrax and homogenate was clarified by a 20 min centrifugation at 100 0006g. The supernatant was frozen at 7808C. All experiments described in the present study were performed within 1 week after preparation of the extract. Seventy-five microgrammes of extract (determined by the method of Bradford) were diluted in 100 ml ICE standard buffer (100 mM HEPES-KOH, pH 7.5, 10% sucrose, 0.1% CHAPS, 10 mM DTT, 0.1% BSA) containing 50 mM DEVD-pNA or VEID-pNA, respectively.
The enzymatic reactions were carried out in a microtiter plate for 45 min at 378C. Absorbance was measured at 405 nm in a microtiter plate-reader and the specific activity was calculated using pnitroaniline as a standard.
Subcellular fractionation
Cells were grown in 10 cm diameter petri disks in McCoy 5A medium containing 5% Hyclone calf serum for 5 days reaching confluency. They were then treated with either 0.1 mM TPA or 100 mM ATP, respectively, for the indicated times. Afterwards the disks were rinsed twice with ice cold PBS. Cells were scraped with a rubber policeman into 400 ml 250 mM sucrose, 25 mM Tris-Cl, pH 7.5, 2 mM DTT, 5 mM EDTA, 0.1 mM sodium orthovanadate, 10 nM okadaic acid, protease inhibitor mix`complete, EDTA-free' (Boehringer, Mannheim, Germany). Cells were disrupted for 10 s with a mini ultra turrax. A cytosolic extract was prepared by centrifugation for 30 min at 100 0006g. To the supernatant (cytosol) 2% SDS and 2% mercaptoethanol were added. The pellet was extracted with the above buffer without sucrose, but containing 1% Triton X-100. The extract was clarified by centrifugation for 10 min at 13 0006g. To this supernatant (membrane fraction) 2% SDS and 2% mercaptoethanol were added. Aliquots of 10 mg protein were used for Western blot analysis of PKCisoforms.
Uptake of ethidiumbromide
Cells were grown in McCoy medium containing 5% Hyclone calf serum on 22 mm diameter slides for 5 days reaching confluency. The slides were then mounted into a home built incubator attached to a Leica DMIRB inverted microscope. The McCoy medium was then replaced by serum free MCDB 402 medium containing 100 mM ATP. Two mg/ml ethidiumbromide was added either immedately after serum exchange or 1 h later. Cells were monitored over a time span of 30 min after the addition of ethidiumbromide using phase contrast and red fluorescence.
